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Abstract 

A selection of di-lepton events with significant missing transverse momentum has been 
performed using a total data sample of 77.0 pb” 1 at e + e - centre-of-mass energies of 
161 GeV, 172 GeV and 183 GeV. The observed numbers of events: four at 161 GeV, 
nine at 172 GeV, and 78 at 183 GeV, are consistent with the numbers expected from 
Standard Model processes, which arise predominantly from W + W~ production with each 
W decaying leptonically. This topology is an experimental signature also for the pair 
production of new particles that decay to a charged lepton accompanied by one or more 
invisible particles. Further event selection criteria are described that optimise the sensi¬ 
tivity to particular new physics channels. No evidence for new phenomena is apparent and 
model independent limits on the production cross-section times branching ratio squared 
for various new physics processes are presented. Assuming a 100% branching ratio for 
the decay —> £±Xii we exclude at 95% CL: right-handed smuons with masses below 
65 GeV for m^- — m^o > 2 GeV and right-handed staus with masses below 64 GeV for 
wif— — m^.o > 10 GeV. Right-handed selectrons are excluded at 95% CL for masses below 
77 GeV for mg- — m^.o > 5 GeV within the framework of the Minimal Supersymmetric 
Standard Model assuming ji < —100 GeV and tan/3 = 1.5. 
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1 Introduction 


We report on the selection of events containing two charged leptons and significant missing 
transverse momentum. Data are analysed at e + e - centre-of-mass energies of 161, 172 and 
183[] GeV with integrated luminosities corresponding to 10.3 pb -1 , 10.3 pb _1 and 56.4 pb _1 , 
respectively. The number and properties of the observed events are found to be consistent with 
the expectations for Standard Model processes, which are dominated by the £ + v £~V final state 
arising from W + W _ production in which both W’s decay leptonically: W _ —i £~Vg. 

In most respects the analysis method follows closely our previously published search at 161 
and 172 GeV [l]]. The event selection is performed in two stages. The first stage consists of 
a general selection for all the possible events containing a lepton pair plus missing transverse 
momentum (section ||). In this context the Standard Model £ + v £~V events are considered as 
signal in addition to the possible new physics sources. Standard Model processes that do not 
lead to £ + v £~v final states — e.g., e + e~£ + £~ and £ + £~{x) — are considered as background and 
are reduced to a rather low level. In the second stage selection the detailed properties of the 
events are used to separate as far as possible the events consistent with potential new physics 
sources from W + W _ and other Standard Model processes (section [|) . 

In companion papers ||, |3j. [| we use the selected event samples to measure the production of 
W + W _ —> £ + v £~V events. We present here the results of searches for several anomalous sources 
of such events. We consider the pair production of new particles that decay to produce a charged 
lepton accompanied by one or more invisible particles, such as neutrinos or the hypothesised 
lightest stable supersymmetric []5j particle (LSP), which may be the lightest neutralino, Xi> or 
the gravitino. Specifically, we consider the following new particle decays: 

charged scalar leptons (sleptons): £± —> i^Xii where may be a selectron (e), smuon (jl) 
or stau (f) and £± is the corresponding charged lepton. 

charged Higgs bosons: H ± —> T ± i' r . 

charginos: xt —* (“2-body” decays) or xt —> £ ±l/ Xi (“3-body” decays). 

Searches for sleptons at LEP2 using this topology have been presented also by other collabo¬ 
rations 0. 

In this paper we describe fully only those respects in which the analysis differs significantly 
from [Q]. These are: 

• Use of a new subdetector (the MIP plug [[7|) to reduce background from four-fermion 
processes in which a minimum ionizing particle would otherwise have escaped detection 
in the angular region^ 60 < 0(mrad) < 160. 

• The second stage event selection for srnuons, staus and charged Higgs bosons makes use 
of the charge-signed angular distribution of the observed lepton candidates. 

1 In the 1997 LEP run most of the data were collected at e + e _ centre-of-mass energies of between 181.8 and 
183.8 GeV. The luminosity weighted average centre-of-mass energy was 182.7 GeV. 

2 A right-handed coordinate system is adopted, in which the rr-axis points to the centre of the LEP ring, 
and positive z is along the electron beam direction. The angles 6 and <f> are the polar and azimuthal angles, 
respectively. 
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• Use of a likelihood technique in the second stage of event selection, to determine whether 
an event is more consistent with the signal or with the background hypothesis, and ap¬ 
plying cuts based on this information. 

• In section [|, the 95% CL upper limits on new particle production at y/s = 183 GeV are 
obtained by combining the data at the three centre-of-mass energies 161, 172 and 183 GeV 
using the Likelihood Ratio method ||. 

The MIP plug is available only for the data at 183 GeV. The remaining modifications have 
been applied to the data at all centre-of-mass energies. 


2 OPAL Detector and Monte Carlo Simulation 


A detailed description of the OPAL detector can be found elsewhere 0. 

The central detector consists of a system of tracking chambers providing charged particle 
tracking over 96% of the full solid angle inside a 0.435 T uniform magnetic held parallel to 
the beam axis. It consists of a two-layer silicon micro-strip vertex detector, a high precision 
drift chamber, a large volume jet chamber and a set of z chambers that measure the track 
coordinates along the beam direction. 


A lead-glass electromagnetic calorimeter located outside the magnet coil covers the full 
azimuthal range with excellent hermeticity in the polar angle range of | cos 9\ < 0.82 for the 
barrel region and 0.81 < | cos0| < 0.984 for the endcap region (EE). Electromagnetic calorime¬ 
ters close to the beam axis complete the geometrical acceptance down to approximately 25 
mrad. These include the forward detectors (FD) which are lead-scintillator sandwich calorime¬ 
ters and, at smaller angles, silicon tungsten calorimeters (SW) located on both sides of the 
interaction point. The gap between the EE and FD calorimeters is instrumented with an 
additional lead-scintillator electromagnetic calorimeter, called the gamma-catcher (GC). 


The magnet return yoke is instrumented for hadron calorimetry and consists of barrel and 
endcap sections along with pole tip detectors that together cover the region |cosd| < 0.99. 
Outside the hadron calorimeter, four layers of muon chambers cover the polar angle range of 
| cos0| < 0.98. Arrays of thin scintillating tiles with embedded wavelength shifting fibre readout 
have been installed in the endcap region to improve trigger performance, time resolution and 
hermeticity for experiments at LEP II [7]. Of particular relevance to this analysis are the four 
layers of scintillating tiles (the MIP plug) installed at each end of OPAL covering the angular 
range 43 < #(mrad) < 220. 


The following Standard Model processes are simulated at y/s = 183 GeV. 4-fermion pro¬ 
duction is generated using grc4f flT0 


Pythia 0 and Excalibur 11 


Two-photon pro¬ 
cesses are generated using the program of Vermaseren [T3| and grc4f for e + e _ W _ , and using 
Phojet 


Herwig 15 


and grc4f for e + e _ qq. Because of the large total cross-section for 
e + e“e + e _ , e + e“/i + /i~ and e + e _ qq, soft cuts are applied at the generator level to preselect events 
that might possibly lead to background in the selection of i + u£~V final states. No generator 
level cuts are applied to the e + e~r + r~ generation. The production of lepton pairs is generated 
using Bhwide [|l6j and Teegg 0] for e + e _ ( 7 ), and using Koralz |T8| for p + /i - ( 7 ), t + t“(7) 
and z/z/ 77 . The production of quark pairs, qq(g), is generated using PYTHIA. The effective 


5 














































Monte Carlo integrated luminosities exceed that of the data by factors that are typically of the 
order of one thousand and in all cases are at least twenty. 


Slepton pair production is generated using Susygen |L9|. Charged Higgs boson pair pro¬ 
duction is generated using Hzha [20] and Pythia. Chargino pair production is generated 
using Dfgt |2T[ and Susygen. 

All Standard Model and new physics Monte Carlo samples are processed with a full simula¬ 
tion of the OPAL detector [^] and subjected to the same reconstruction and analysis programs 
as used for the OPAL data. 


3 General Selection of Di-lepton Events with Significant 
Missing Momentum 

The general selection of di-lepton events with significant missing momentum is largely un¬ 
changed with respect to [il] . In selecting candidate events the missing momentum is required to 
have a significant component in the plane perpendicular to the beam axis (p™ lss ). This generally 
leads to an acoplanar^ event topology. Standard Model background with high energy particles 
escaping down the beam pipe and giving rise to missing momentum along the beam axis is thus 
rejected. A potential background arises from lepton pairs produced in two-photon processes in 
which one of the initial state electrons is scattered at a significant angle to the beam direction. 
Such processes are suppressed by vetoing on energy being present in the forward region (SW, 
FD or GC calorimeters). 

The OPAL detector provides hermetic coverage for electrons and photons for 6 > 25 mrad. 
However, prior to the data collection at a/s = 183 GeV it was possible for a muon in the angular 
range 60 < ^(mrad) < 160 to escape detection. This led to a background to the general selection 
from e + e - /i + /i - events in which one electron and one muon were observed in the detector. In 
order to improve the detection of muons in the forward region, four layers of scintillating tile 
detectors (the MIP plug) were installed at each end of OPAL. In the data at a/s = 183 GeV 
the OPAL detector provides hermetic coverage for muons for 6 > 25 mrad. 

A new selection cut is introduced to make use of the MIP plug detector. Candidate events 
are vetoed if they contain coincident hits in two or more scintillator layers in the MIP plug at 
the same </> and at the same end of OPAL, satisfying cuts on pulse height and timing. The 
efficiency to detect a muon within the geometrical acceptance of the MIP plug with these cuts 
is measured to be 80 ± 4% by using e + e _ /i + /i” events in which a minimum ionizing track is 
observed in SW within the MIP plug geometrical acceptance. Note that this efficiency includes 
the effect of periods when the MIP plug was not fully operational. The cut on MIP plug 
activity exclusively rejects three events in the data at a/s = 183 GeV; this may be compared 
with the Standard Model expectation of 2.5 events, of which 2.3 arise from the e + e - p + /i - final 
state. In addition to the cut on MIP plug activity, minor changes to improve the rejection 
of two-photon processes and “junk” events arising from, e.g., beam-gas interactions have been 
made with respect to the selection cuts described in |1|. 

The numbers of events passing the general selection at each centre-of-mass energy in the 
data are compared to the Standard Model Monte Carlo predictions in table [lj. The total 

3 The acoplanarity angle is defined as 180° minus the angle between the two lepton candidates in the plane 
transverse to the beam direction. 
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y/s (GeV) 

data 

SM 

£ + u£~i 7 

e + e~£ + £~ 

e + e qq 

£ + £~( 7 ) 

161 

4 

4.5T0.3 

3.4T0.1 

0.9T0.2 

O.liO.l 

O.liO.O 

172 

9 

11.6T0.3 

10.7T0.1 

0 . 8 T 0.2 

O.OiO.O 

O.liO.O 

183 

78 

81.3T0.7 

77.6T0.7 

3.2T0.0 

O.OiO.O 

0.5T0.2 


Table 1: Comparison between data and Monte Carlo of the number of events passing the 
general selection at each centre-of-mass energy. The total number of events predicted 
by the Standard Model is given, together with a breakdown into the contributions 
from individual processes. At each centre-of-mass energy the Standard Model Monte 
Carlos are normalised to an integrated luminosity that corresponds to the collected 
experimental luminosity. The Monte Carlo statistical errors are given. 


Lepton identification 

data 

SM 

e + e~ 

14 

12.3 

p + p- 

13 

13.6 

lAlC 

1 

2.3 

e ± pT 

20 

25.6 

e ± lW 

8 

9.8 


8 

9.3 

e ± , unidentified 

5 

3.8 

unidentified 

7 

3.7 

h ± , unidentified 

2 

0.9 


Table 2: The lepton identification information in the events passing the general selection 
compared with the Standard Model Monte Carlo at y/s = 183 GeV. “h” means 
that the lepton is identified neither as an electron nor muon and so is probably 
the product of a hadronic tau decay. Leptonic decays of taus are usually classified 
as electron or muon. “Unidentified” means that only one isolated lepton has been 
positively identified in the event. (For details see the description of cut 3 in Appendix 

is otg.) 


number of events predicted by the Standard Model is given, together with a breakdown into 
the contributions from individual processes. The number of observed candidates is consistent 
with the expectation from Standard Model sources, which is dominated by the £ + u£~V final 
state arising from W + W“ production in which both W’s decay leptonically: W“ —> f~i 7^. 

The second stage event selection to distinguish between Standard Model and new physics 
sources of lepton pair events with missing momentum is described in section f|. Discrimina¬ 
tion is provided by information on the lepton identification, and the energy and —geos# of 
the observed lepton candidates, where q is the lepton charge. We check here on the degree to 
which these quantities are described by the Standard Model Monte Carlo. The lepton identi¬ 
fication information in the event sample produced by the general selection at yfs = 183 GeV 
is compared with the Standard Model Monte Carlo in table |2j. For the same event sample, 
figure m shows the distributions of (a) the energy scaled by the beam energy and (b) the value 
of —geos 6 of each charged lepton candidate. The data, shown as points with error bars, are 
compared with the Standard Model Monte Carlo predictions, which are dominated by the final 
state 
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Figure [| (a) shows the distribution of p™ lss /E heam for the general selection at a/s = 183 GeV. 
As a test of the degree to which the Standard Model Monte Carlo describes the e + e~£ + £~ 
background, figure [2j (b) shows the distribution of p“ lss /-Fbeam after we relax some of the event 
selection cuts, as described in appendix 1.3 of Q. With these relaxed cuts the number of 
observed candidates at a/s = 183 GeV is 145; this is consistent with the 149.3 ± 2.0 events 
expected from Standard Model sources, of which 66.3 ±1.9 arise from the final state e + e~£ + £~. 
In each of the above checks the data are consistent with the Standard Model expectations. 

The cuts used to veto two-photon background introduce an inefficiency in the event selection 
due to random detector occupancy (principally in the SW, FD and MIP plug detectors) that 
is not modelled in the Monte Carlo. This inefficiency has been measured using randomly 
triggered events collected during normal data taking. In the data collected at a/s = 183 GeV 
the inefficiency decreases from a value of 8.2% for events with very low missing transverse 
momentum to a negligible value for events with p™ ss /Ebeam > 0.25. At y/s = 161 and 172 GeV 
the backgrounds from off-momentum electrons in LEP were much lower and the veto inefficiency 
was around 3% for events with very low missing transverse momentum. When quoting expected 
numbers of Standard Model events and selection efficiencies for potential new physics sources, 
the variation of veto inefficiency with p™ lss is taken into account. 


4 Additional Selection Criteria for New Particle Searches 

Starting from the general selection of events containing two charged leptons and missing trans¬ 
verse momentum that was discussed in section j3|. we search for the production of new particles 
by applying additional cuts to suppress Standard Model sources of such events, the most im¬ 
portant of which are £ + v £~V and e + e~£ + £~. 

The Standard Model £ + u £~V events from W + W~ are characterised by the production of 
two leptons, both with p/E wm around 0.5. Equal numbers of e/ /A and are produced 
and there is no correlation between the flavours of the two charged leptons in the event. In the 
Standard Model e + e~£ + £~ events the two observed leptons tend to have low momentum. 

In the signal events the momentum distribution of the expected leptons varies strongly as 
a function of the mass difference, Am between the parent particle (e.g., selectron) and the 
invisible daughter particle (e.g., lightest neutralino), and, to a lesser extent, m, the mass of the 
parent particle. Slepton and charged Higgs boson pairs decay to produce two charged leptons 
of the same flavour. When performing a search for a particular new particle at a particular 
point in m and Am, an event is considered as a potential candidate only if the properties of 
the observed leptons are consistent with expectations for signal events at those values of m and 
Am. 

The method employed here differs from that described in [1] in two respects: 

1. Use of the —qcosO of the two lepton candidates to discriminate against the Standard 
Model background in addition to the information on the lepton identification and energy 
of the lepton candidates. 

2. Use of a likelihood technique to combine information from the various discriminating 
variables. 


As is demonstrated by figure [L| (b), the distribution of —q cos# of the lepton candidates in 
W + W - events is strongly forward peaked. This may be compared with the dashed histogram 
in figure [1] (b), which corresponds to the distribution expected from smuon pair production 
and decay. The distribution for smuons is symmetric about cos# = 0. This is because the 
smuon is a scalar; the angular distribution for s-channel production of smuon pairs is expected 
to be proportional to sin 2 # and the decay muon is expected to be isotropic in the smuon rest 
frame. In the search for pair production of smuons, staus and charged Higgs bosons the value 
of —q cos# of the two lepton candidates is used to discriminate against the Standard Model 
background in addition to the information on the lepton identification and energy of the lepton 
candidates. 

Selectrons may be produced via t-channel neutralino exchange in addition to s-channel pro¬ 
duction. This results in the expected —q cos# distribution of selectrons being model-dependent. 
Choices of model parameters are possible for which the t-channel exchange is dominant. In this 
case the distribution will be forward-peaked similar to that of the W + W - background. Sim¬ 
ilarly, charginos may be produced via t-channel sneutrino exchange. Therefore, the variable 
—geos# is not used in the discrimination of signal and Standard Model background in the 
searches for selectrons and charginos. 

Discrimination between Standard Model and new physics sources of lepton pair events with 
missing momentum is performed by considering the likelihood that an event is consistent with 
being either signal or background. Given an event, for which the values of a set of variables 
Xi are known, the likelihood^, Ls, of the event being consistent with the signal hypothesis is 
calculated as the product of the probabilities P(xi, S ) that the signal hypothesis would produce 
an event with variable i having value xp 


Ls = T[P(*i,S). 

i 


The likelihood, Lb, of an event being consistent with the background hypothesis is calculated 
similarly. The quantity Lr is defined by: 


Lr — 


Ls 

Ls + Lb 


Event selection is performed by making a cut on the value of Lr rather than on the individual 
variables x t , which was the method used in |1|. Distributions of Lr for data and Standard 
Model Monte Carlo are compared for example values of m and Am at a/s = 183 GeV, for 
selectrons, smuons and staus in figure [| 

The optimisation of the selection cuts proceeds in a way similar to that described in Jl]|: 
the a priori average value of the 95% CL upper limit on the cross-section for new physics is 
minimised by means of an automated procedure that makes use of Monte Carlo samples of 
signal and Standard Model backgrounds, but not the experimental data. The optimisation is 
performed separately at each centre-of-mass energy. 


4 Because the variables X{ are correlated to some degree, Lg is only an approximation to the true likelihood. 
However, since the signal efficiencies and expected Standard Model backgrounds are estimated by applying the 
derived cuts to Monte Carlo samples no error is introduced into the quoted results. 
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5 Numbers of Candidates, Backgrounds and Efficiencies 


At example points in m and Am, table |3| gives the number of selected events, the number of 
events expected from Standard Model processes and the selection efficiency for new physics, 
of the searches at y/s = 183 GeV for e + e~, and t + t~. Table £| gives the same in¬ 
formation for the searches for XiXi (2-body decays: xf an d X1X1 (3-body decays: 

xf —> W ± x? —> fc^vXi). The Monte Carlo statistical errors are given. 

ft should be noted that an individual candidate event may be consistent with a given new 
physics hypothesis over a range of m and Am values. Similarly, an individual candidate event 
may be consistent with more than one new physics hypothesis and may, therefore, give entries 
in more than one of the above tables. At high Am, the expected number of Standard Model 
events is made up almost entirely (typically greater than 98%) of W + W~ events, whereas at 
low Am, it is typical for approximately half of the Standard Model events to arise from W + W - 
events, with the remainder arising predominantly from two-photon events. 

For each search channel, table [] shows the total number of selected candidates over all 
values of m and Am compared with the Standard Model expectations. 

In general, the Standard Model Monte Carlo provides a good description of the data in 
tables EH} The most significant difference between data and Monte Carlo is seen in table |3] for 
smuons at large Am. The excess is most marked at m = 65 GeV, Am = m/2, ft is difficult 
to assess quantitatively the significance of this excess, given that there are strong correlations 
in the selected event samples: a) among individual bins for a particular search channel and b) 
among the six different search channels. 

Slepton pair efficiencies are evaluated for right-handed sleptons, both decaying to lepton 
and lightest neutralino The slepton pair events were generated at fi = —200 GeV 

and tan (3 = 1.5 using SUSYGEN. The selection efficiency for selectrons depends on the angular 
distribution of the produced selectrons and this will depend on the size of the neutralino- 
mediated f-channel contribution to the cross-section. We have found by varying /i and tan/? 
that the above choice gives a conservative estimate of the selection efficiency. In the generation 
of the stau pair events using Susygen the produced taus are unpolarized. As noted in |23] the 
polarisation of taus in the decay of staus can vary from +1 to —1 depending on the neutralino 
held content. This leads to a model dependence of the expected momentum spectrum of the 
visible tau decay products. 

The experimental signature of H + H - production followed by the decay H 1 * 1 —> t±v t is similar 
to that of f + f~ production, f + f “ —> T + yjV _ Xi, for the case when the xf is massless and stable. 
The selection efficiencies for II 1 If events generated using Hzha and Pythia are consistent 
with those for f + f _ events with rn^o = 0 generated using SusygenQ. Because the available 
Monte Carlo samples for the latter process have higher statistics, we use them to evaluate the 
selection efficiencies for H + H~. 


Monte Carlo samples for xfxi production followed by the decay: xf —► (2-body decay) 

are generated using Susygen. Given the limit of 37.1 GeV on the mass of the lightest sneutrino 
from LEP1 |24|], XiX i (2-body decays) events are not generated for sneutrino masses less than 


5 Note that in Hzha the tau polarisation in the decay H + — > t + v t is handled correctly, whereas in Susygen 
the taus are unpolarised. The average selection efficiencies obtained with the two Monte Carlos are consistent 
within the 3% statistical accuracy of the comparison. This represents a check of the model dependence also of 
the t + t ~ selection efficiencies at high A?n. 
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selectrons 

smuons 

staus 

Am 

mg- (GeV) 

mp,- (GeV) 

m f - (GeV) 

(GeV) 

65 

80 

90 

65 

80 

90 

65 

80 

90 

number of selected events 

2 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.5 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

1 

0 

0 

0 

0 

0 

1 

1 

1 

10 

1 

0 

0 

0 

0 

0 

1 

2 

1 

20 

0 

0 

0 

2 

0 

0 

3 

1 

1 

m/2 

7 

6 

3 

10 

6 

3 

4 

2 

2 

m- 20 

15 

11 

4 

9 

9 

6 

4 

4 

3 

m-10 

15 

13 

2 

7 

9 

6 

5 

8 

4 

m 

15 

14 

2 

4 

9 

6 

5 

9 

4 

number of events expected from Standard Model processes 

2 

0.5±0.1 

0.3±0.1 

0 . 1 ± 0.1 

O.liO.l 

O.OiO.O 

O.OiO.O 

0 . 1 ± 0.1 

0 . 1 ± 0.1 

0 . 1 ± 0.1 

2.5 

0.5±0.1 

0.3±0.1 

0.2T0.1 

0.2T0.1 

0 . 1 ± 0.1 

O.OiO.O 

0.6T0.2 

0.3±0.1 

0 . 1 ± 0.1 

5 

0.6T0.2 

0.5T0.2 

0 . 1 ± 0.1 

0.3T0.1 

0 . 1 ± 0.1 

O.liO.l 

1.8T0.3 

1.4T0.2 

l.liO.2 

10 

0.4±0.1 

0 . 1 ± 0.1 

O.OiO.O 

0.4T0.1 

0.2T0.1 

O.OiO.O 

2.6T0.3 

2.2T0.3 

2.0T0.3 

20 

1.7±0.1 

0.4T0.0 

O.liO.O 

1.8T0.1 

0.6T0.1 

O.liO.O 

3.9T0.3 

2.1±0.2 

1.8T0.2 

m/2 

5.3T0.2 

3.5±0.1 

0.9±0.1 

3.9T0.2 

3.7T0.2 

1.3T0.1 

5.8T0.3 

6.0T0.3 

5.1T0.3 

m- 20 

10.8T0.2 

7.7T0.2 

1.5±0.1 

4.6T0.2 

5.2T0.2 

1.7T0.1 

7.3T0.3 

9.1±0.4 

6.7T0.3 

m-10 

10.9±0.2 

9.2T0.2 

1.6±0.1 

4.0T0.2 

5.2T0.2 

1.8T0.1 

7.7T0.3 

9.6T0.4 

6.1±0.3 

m 

11.1±0.2 

9.5T0.2 

1.8±0.1 

3.0T0.1 

5.6T0.2 

2.2T0.1 

7.6T0.3 

10.1±0.4 

6.6T0.3 

selection efficiency (%) 

2 

8±1 

3±1 

1±0 

10±1 

2±0 

0±0 

0±0 

0±0 

0±0 

2.5 

24±1 

18±1 

12±1 

24±1 

15±1 

11±1 

0±0 

0±0 

0±0 

5 

51±2 

53±2 

54±2 

56±2 

55±2 

57±2 

10±0 

8±0 

8±0 

10 

64±1 

60±1 

64±1 

67±1 

70±1 

71±1 

25±1 

25±1 

24±1 

20 

65±1 

69±1 

69±1 

70±1 

76±1 

76±1 

36±1 

34±1 

33±1 

m/2 

63±1 

66±1 

68±1 

63±1 

70±1 

75±1 

41±1 

46±1 

48±1 

m- 20 

70±1 

69±1 

67±1 

63±1 

68±1 

68±1 

44±1 

51±1 

47±1 

m-10 

72±1 

74±1 

64±1 

61±1 

67±1 

66±1 

43±1 

51±1 

44±1 

m 

73±1 

74±1 

67±1 

55±1 

68±1 

71±1 

43±1 

52±1 

45±1 


Table 3: Search for slepton pairs at y/s = 183 GeV. The number of selected events, the num¬ 
ber of events expected from Standard Model processes and the selection efficiency 
for different values of mg and Am. The selection efficiency for t + t~ is calculated 
for the case that the decay t~ —> t ~\ ? produces unpolarized t ± . 
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CiXi (2-body decays) 

Xi Xi (3-body decays) 

Am 

m-± (GeV) 

Am 

m-± (GeV) 

(GeV) 

65 

80 

90 

(GeV) 

65 

80 

90 

number of selected events 

1.5 

1 

0 

0 

3 

0 

0 

0 

2.5 

0 

0 

0 

5 

0 

0 

0 

5 

2 

0 

0 

10 

2 

2 

1 

10 

3 

1 

1 

20 

3 

3 

2 

20 

5 

2 

1 

m/2 

3 

3 

1 

(m - 15)/2 

13 

16 

4 

m- 20 

5 

5 

11 

m — 35 

37 

43 

29 

m-10 

11 

22 

19 





m 

51 

54 

27 

number of events expected from Standard Model processes 

1.5 

1.5i0.2 

O.liO.l 

O.liO.l 

3 

0.6i0.1 

0.5i0.1 

0.6i0.2 

2.5 

l.li0.2 

0.8±0.2 

0.2i0.1 

5 

1.5i0.2 

0.8i0.2 

0.7i0.2 

5 

2.7i0.3 

1.2i0.2 

0.6i0.2 

10 

4.1i0.4 

2.5i0.3 

1.6i0.2 

10 

5.1i0.4 

1.6±0.2 

0.7i0.1 

20 

7.OiO.5 

4.7i0.4 

2.3i0.3 

20 

14.7i0.5 

4.3±0.3 

1.4i0.2 

m/2 

9.9i0.5 

6.3i0.4 

4.5i0.3 

(m - 15)/2 

22.1i0.5 

20.5i0.5 

9.3i0.3 

m- 20 

13.4i0.5 

14.9i0.5 

17.7i0.5 

m — 35 

42.5i0.6 

51.4±0.7 

33.9i0.6 

m-10 

21.5i0.6 

27.7i0.6 

25.7i0.5 





m 

53.5i0.7 

60.2i0.7 

30.4i0.5 

selection efficiency (%) 

1.5 

0±0 

0±0 

OiO 

3 

3i0 

liO 

lil 

2.5 

Mil 

7±0 

5il 

5 

15il 

13il 

lOil 

5 

45i2 

34il 

39il 

10 

39il 

38il 

38il 

10 

54±2 

44±2 

45i2 

20 

48i2 

49i2 

45i2 

20 

60il 

62il 

58i2 

m/2 

51i2 

51i2 

53i2 

(m - 15)/2 

— 

67il 

67il 

m- 20 

51i2 

54i2 

65il 

m — 35 

65il 

73il 

70il 

m-10 

53i2 

61il 

64il 





m 

67il 

74il 

71il 


Table 4: Search for chargino pairs (2-body decays: xf —> Z^vg, and 3-body decays: 

y f —> W ± x? —> Z ± ^Xi) at y/s = 183 GeV. The number of selected events, the num¬ 
ber of events expected from Standard Model processes and the selection efficiency 
for different values of m~± and Am. 
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Search 

Channel 

(GeV) 

161 

172 

183 

data 

SM 

data 

SM 

data 

SM 

e + e~ 

1 

1.0 

2 

2.2 

16 

14.0 

p + p~ 

1 

0.8 

2 

2.0 

13 

11.5 

T + T~ 

2 

1.4 

4 

2.9 

11 

13.0 

H+H~ 

1 

1.0 

4 

2.6 

9 

11.5 

X+X7 (3-body decays) 

3 

3.3 

7 

8.4 

62 

71.0 

Xi Xi (2-body decays) 

2 

2.9 

7 

7.3 

48 

58.2 


Table 5: For each search channel at each value of yfs, the total number of selected candidates 
over all values of m and Am compared with the Standard Model expectations. 


35 GeV. Monte Carlo samples for xt xi production in which the chargino decays via a virtual 
or real W, xf —> —> i^^Xi: (3-body decays) are generated using Dfgt at y/s = 183 GeV 

and Susygen at a/s = 161 and 172 GeV. 

It can be seen that sizable selection efficiencies have been obtained for e + e _ , fr + p~ and 
XiXi (2-body decays), even when Am is as low as 2 GeV. However, for f + f _ and xfxf (3- 
body decays) there are additional invisible particles (neutrinos) in the final state. The visible 
leptons are therefore less energetic and the selection efficiencies at low Am values are reduced. 


6 New Particle Search Results 

The number of observed candidate events and their kinematic properties are compatible with 
the expectations from Standard Model processes. We present limits on the pair production of 
charged scalar leptons, leptonically decaying charged Higgs bosons and charginos that decay to 
produce a charged lepton and invisible particles. The sensitivity of the searches is significantly 
improved with respect to [|T| because of: the increased centre-of-mass energy and integrated 
luminosity; the reduced e + e~f + f~ background achieved due to the detector upgrade (MIP plug); 
and the improved analysis techniques (use of —qcosO and likelihood techniques). 

As described in section [|, the additional event selection cuts for a given search channel 
vary as a function of m and Am. As input to the limit calculation for each new particle 
search we calculate at each value of m, Am, and yfs: the number of observed candidates, the 
number of expected events from Standard Model background, the selection efficiency, and the 
pair production cross-section relative to that at a/s = 183 GeV. The 95% CL upper limits at 
a/s = 183 GeV are obtained by combining the data at the three e + e“ centre-of-mass energies 
161, 172 and 183 GeV using the Likelihood Ratio method 0. 

The number of selected candidate events is determined at each kinematically allowed point 
on a 0.2 GeV by 0.2 GeV grid of m and Am. Monte Carlo signal events are available only at 
certain particular values of m and Am. The values of m range typically from m = 45 GeV up 
to m ~ -Ebeam in 5 GeV steps. The values of Am correspond to those given in tables [| and [|. 
Signal efficiencies at intermediate values of m and Am are obtained by linear 2-dimensional 
interpolation. In addition to the Monte Carlo statistical error, we assign a 5% systematic error 
on the estimated selection efficiency to take into account uncertainties in: trigger efficiency, 
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detector occupancy, lepton identification efficiency, luminosity measurement, interpolation pro¬ 
cedure, and deficiencies in the Monte Carlo generators and the detector simulation. 


At high values of Am the dominant background to the searches for new physics results from 
W + W - production. High statistics Monte Carlo samples for this process are available that 
describe well the OPAL data 0. § B- In addition to the Monte Carlo statistical error, we 
assign a 5% systematic error on the estimated background to take into account deficiencies in 
the Monte Carlo detector simulation. At low values of Am the dominant background results 
from e + e~£ + £~ events. The background uncertainty at low Am is dominated by the limited 
Monte Carlo statistics; the uncertainty is typically 20-80% at low Am. In setting limits the 
Monte Carlo statistical errors and other systematics are taken into account according to the 
method described in [|25] . 


Limits on the production cross-section times branching ratio squared for new physics pro¬ 
cesses are now presented in a manner intended to minimise the number of model assumptions. 
The 95% CL upper limits at a/s = 183 GeV shown in figures [1 ~ H are obtained by combining 
the data at the three e + e“ centre-of-mass energies 161, 172 and 183 GeV using the assumption 
that the cross-section varies as (3 3 /s for sleptons and (3/s for charginos. The chosen functional 
forms are used for simplicity in presenting the data and represent an approximation, particu¬ 
larly for processes in which f-channel exchange may be important, that is, selectron pair and 
chargino pair production. In these cases the cross-section dependence on e + e~ centre-of-mass 
energy is model dependent, depending on the mass of the exchanged particles and the couplings 
of the neutralinos and charginos. 


Upper limits at 95% CL on the selectron pair cross-section at a/s = 183 GeV times branch¬ 
ing ratio squared for the decay e _ —> e _ x° are shown in figure |4] as a function of selectron mass 
and lightest neutralino mass. These limits are applicable to eT/h and e^e^ production. The 
corresponding plots for the smuon and stau pair searches are shown in figures and |6|. respec¬ 
tively. Note that if the LSP is the gravitino (effectively massless), then for prompt slepton 
decays to lepton-gravitino the experimental signature would be the same as that for s ^~Xi 

with a massless neutralino. In this case the limits given in figures 0-1 for rriy .o = 0 may be 
interpreted as limits on the decay to lepton-gravitino. 


The upper limit at 95% CL on the chargino pair production cross-section times branching 
ratio squared for the decay xf —> fAvf (2-body decay) is shown in figure [7]. The limit has been 
calculated for the case where the three sneutrino generations are mass degenerate. The upper 
limit at 95% CL on the chargino pair production cross-section times branching ratio squared 
for the decay xf —> —> ^vxf (3-body decay) is shown in figure |j. In a forthcoming 

paper 0 the search described here for acoplanar di-lepton events will be combined with 


searches in other final states to set more general limits on chargino pair production. 


The upper limit at 95% CL on the charged Higgs boson pair production cross-section times 
branching ratio squared for the decay H + —> r + v T is shown as a function of m^+ as the solid line 
in figure |9]. The limit is obtained by combining the 161-183 GeV data-sets assuming the mu+ 
and a/s dependence of the cross-section predicted by Pythia, which takes into account the 
effect of initial state radiation. The dashed line in figure |9] shows the prediction from PYTHIA 
at a/s = 183 GeV for a 100% branching ratio for the decay H + —> t + v t . With this assumption 
we set a lower limit at 95% CL on mn+ of 73 GeV. In a forthcoming paper [E7| the search 
described here for acoplanar di-tau events will be combined with searches in the final states 
tv qq and qqqq to set limits on charged Higgs boson pair production for arbitrary H + 
branching ratio. 


r 1 z/ T 
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We can use our data to set limits on the masses of right-handed slepton^ based on the 
expected right-handed slepton pair cross-sections and branching ratios. The cross-sections 
have been calculated using Susygen at each centre-of-mass energy and take into account initial 
state radiation. In figure [10] we show limits on right-handed smuons as a function of smuon 
mass and lightest neutralino mass for several assumed values of the branching ratio squared 
for —> /i ± y?. The expected limit, calculated using Monte Carlo only, for a branching 
ratio of 100% is also shown. Note that the actual limit is lower than expected for large Am 
as a result of the excess of events seen for smuons at y/s = 183 GeV. For a branching ratio 
I^r Xi °f 100% and for a smuon-neutralino mass difference exceeding 2 GeV, right-handed 
smuons are excluded at 95% CL for masses below 65 GeV. The 95% CL upper limit on the 
production of right-handed t + t~ times the branching ratio squared for —» t^Xi is shown in 
figure |TT|. The expected limit for a branching ratio of 100% is also shown. For a branching ratio 
fjjr —> r^Xi °f 100% and for a stau-neutralino mass difference exceeding 10 GeV, right-handed 
staus are excluded at 95% CL for masses below 64 GeV. For the case of a massless neutralino 
(or gravitino) and 100% branching ratio, right-handed smuons and staus are excluded at 95% 
CL for masses below 68 GeV and 70 GeV, respectively. 


An alternative approach is to set limits taking into account the predicted cross-section and 
branching ratio for specific choices of the parameters within the Minimal Supersymmetric Stan¬ 
dard Model (MSSM)[J. For // < —100 GeV and for two values of tan /3 (1.5 and 35), figures [L2], [13] 
and [b| show 95% CL exclusion regions in the (m|±, o) plane for right-handed selectrons, 
smuons and staus, respectively. For /d < —100 GeV and tan (3 = 1.5, right-handed sleptons are 
excluded at 95% CL as follows: selectrons with masses below 77 GeV for 


smuons with masses below 65 GeV for m^- 


60 GeV for m~- 


m^o > 9 GeV. 

Xi 


771^0 > 2 
X1 


m %o > 5 GeV; 


GeV; and staus with masses below 


7 Summary and Conclusions 

A selection of di-lepton events with significant missing transverse momentum is performed using 
a total data sample of 77.0 pb -1 at e + e“ centre-of-mass energies of 161, 172 and 183 GeV. The 
observed numbers of events, four at 161 GeV, nine at 172 GeV and 78 at 183 GeV, are consistent 
with the numbers expected from Standard Model processes, dominantly arising from W + W - 
production with each W decaying leptonically. 

Further event selection criteria are employed to search for the pair production of charged 
scalar leptons, leptonically decaying charged Higgs bosons and charginos that decay to produce 
a charged lepton and one or more invisible particles. The sensitivity to new physics is maximised 
by using an algorithm to optimise the cut values as functions of the masses of the pair produced 
new particle and the unobserved particle produced in its decay. No evidence for new phenomena 
is apparent and model independent limits on the production cross-section times branching ratio 
squared for each new physics process are presented. 

6 The right-handed slepton is expected to be lighter than the left-handed slepton. The right-handed one 
tends (not generally valid for selectrons) to have a lower pair production cross-section, and so conventionally 
limits are given for this (usually) conservative case. 

7 In particular regions of the MSSM parameter space, the branching ratio for can be essentially 

zero and so it is not possible to provide general limits on sleptons within the MSSM on the basis of this search 
alone. The predicted cross-sections and branching ratios within the MSSM are obtained using Susygen and 
are calculated with the gauge unification relation, Mi = | tan 2 
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Assuming a 100% branching ratio for the decay Cf —> we exclude at 95% CL: right- 

handed srnuons with masses below 65 GeV for rrip- — m^o > 2 GeV and right-handed staus 
with masses below 64 GeV for mf- — m^o > 10 GeV. Right-handed selectrons are excluded at 
95% CL for masses below 77 GeV for ms- — m^o > 5 GeV within the framework of the MSSM 
assuming p < —100 GeV and tan/3 = 1.5. 
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Figure 1: Distributions of (a) the lepton energy divided by the beam energy, and (b) —qcosO for 
the general selection at y/s = 183 GeV. The data are shown as the points with error bars. The 
Standard Model Monte Carlo prediction for £ + u is shown as the open histogram and the 
background, arising mainly from processes with four charged leptons in the final state, is shown 
as the cross-hatched histogram. In (b) the dashed histogram corresponds to the distribution 
expected from smuon pair production. 


19 





OPAL 




P. miSS/E bea ra 


Figure 2: (a) Distribution of p™ lss /.Ebeam for the general selection at y/s = 183 GeV. (b) Distri¬ 
bution of p™ lss /Ebeam at y/s = 183 GeV for the event sample produced by relaxing some of the 
selection cuts as described in appendix 1.3 of |2 ]/. The data are shown as the points with error 
bars. The Standard Model Monte Carlo prediction for £ + u £~V is shown as the open histogram 
and the background, arising mainly from processes with four charged leptons in the final state, 
is shown as the cross-hatched histogram. 
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Figure 3: Distributions of the quantity Lr, defined in section [|, for selections, smuons and staus 
for some specific values ofm and Am at y/s = 183 GeV. The data are shown as the points with 
error bars. The predicted Standard Model background is shown as the solid histogram. The 
dashed histogram corresponds to the distribution expected from selection, smuon or stau pair 
production. The signal distribution is normalised in each case to represent the cross-section 
times branching ratio squared excluded at 95% CL by this analysis, for the values of m and 
Am shown. 
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Figure 4: Contours of the 95% CL upper limits on the selectron pair cross-section times 
BR 2 (e —> ex?) at y/s = 183 GeV based on combining the yfs = 161 — 183 GeV data-sets 
assuming a /3 3 /s dependence of the cross-section. The kinematically allowed region is indicated 
by the dashed line. 
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Figure 5: Contours of the 95% CL upper limits on the smuon pair cross-section times BK 2 (p —> 
PXi) = 183 GeV based on combining the y/s = 161 —183 GeV data-sets assuming a (3 3 /s 

dependence of the cross-section. The kinematically allowed region is indicated by the dashed 
line. 
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Figure 6: Contours of the 95% CL upper limits on the stau pair cross-section times BR 2 [f —> 
t\ i) at y/s = 183 GeV based on combining the y/s = 161 — 183 GeV data-sets assuming a 
/3 3 /s dependence of the cross-section. The selection efficiency for t + t~ is calculated for the 
case that the decay f~ —> t ~\? produces unpolarized t± . The kinematically allowed region is 
indicated by the dashed line. 
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Figure 7: Contours of the 95% CL upper limits on the chargino pair cross-section times branch¬ 
ing ratio squared for xt —> (2-body decay) at s = 183 GeV. The limits have been cal¬ 

culated for the case where the three sneutrino generations are mass degenerate. The limit is 
obtained by combining the 161-183 GeV data-sets assuming a P/s dependence of the cross- 
section. The kinematically allowed region is indicated by the dashed line. 
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Figure 8: Contours of the 95% CL upper limits on the chargino pair cross-section times branch¬ 
ing ratio squared for yf —> f ± i , x\ (3-body decay) at y/s = 183 GeV, The limit is obtained by 
combining the 161-183 GeV data-sets assuming a /3/s dependence of the cross-section. The 
kinematically allowed region is indicated by the dashed line. 
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Figure 9: The solid line shows the 95% CL upper limit on the charged Higgs pair production 
cross-section times branching ratio squared for the decay H + —> t + v t at yfs = 183 GeV. The 
limit is obtained by combining the 161-183 GeV data-sets assuming the rn^+ and y/s depen¬ 
dence of the cross-section predicted by Pythia. For comparison, the dashed curve shows the 
prediction from Pythia at yfs = 183 GeV assuming a 100% branching ratio for the decay 
H + —> T + U r . 
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Figure 10: 95% CL exclusion region for right-handed smuon pair production obtained by com¬ 
bining the y/s = 161 — 183 GeV data-sets. The limits are calculated for several values of the 
branching ratio squared for /i^ —> /x ± x? that are indicated in the figure. Otherwise they have 
no supersymmetry model assumptions. The kinematically allowed region is indicated by the 
dashed line. The expected limit for BR 2 — 1.0, calculated from Monte Carlo alone, is indicated 
by the dash-dotted line. 
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Figure 11: 95% CL exclusion region for right-handed stau pair production obtained by combin¬ 
ing the \fs = 161 — 183 GeV data-sets. The limits are calculated for two values of the branching 
ratio squared for fjjr —> 'T ± Xi • The selection efficiency for t + t~ is calculated for the case that 
the decay t~ —> t ~\\l produces unpolarized t ± . Otherwise the limits have no supersymmetry 
model assumptions. The kinematically allowed region is indicated by the dashed line. The ex¬ 
pected limit for BR 2 — 1.0, calculated from Monte Carlo alone, is indicated by the dash-dotted 
line. 
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Figure 12: For two values of tan/3 and p < —100 GeV, 95% CL exclusion regions for right- 
handed selectron pairs within the MSSM, obtained by combining the s = 161 — 183 GeV data¬ 
sets. The excluded regions are calculated taking into account the predicted branching ratio for 
—> e ± Xi • The gauge unification relation, Mi = | tan 2 0 W M 2 , is assumed in calculating the 
MSSM cross-sections and branching ratios. The kinematically allowed region is indicated by 
the dashed line. 
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Figure 13: For two values of tan ft and /i < —100 GeV, 95% CL exclusion regions for right- 
handed smuon pairs within the MSSM, obtained by combining the yfs = 161 — 183 GeV data¬ 
sets. The excluded regions are calculated taking into account the predicted brancliingz ratio 
for jlft —>• ^Xi ■ The gauge unification relation, M 1 = | tan 2 6 W M 2 , is assumed in calculating 
the MSSM branching ratios. The kinematically allowed region is indicated by the dashed line. 
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Figure 14: For two values of tan ft and fi < —100 GeV, 95% CL exclusion regions for right- 
handed st.au pairs within the MSSM, obtained by combining the y/s = 161 — 183 GeV data¬ 
sets. The excluded regions are calculated taking into account the predicted branching ratio for 
—> r^x®. The gauge unification relation, Mi = | tan 2 9wM 2 , is assumed in calculating the 
MSSM branching ratios. The selection efficiency for t + t~ is calculated for the case that the 
decay t~ —> r~x ? produces unpolarized t ± . The kinematically allowed region is indicated by 
the dashed line. 
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